Transonic perpendicular rotor blade-vortex interaction (BVI) tests at
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does the trailing vortex system shed from one blade of a helicopter rotor exert a significant influence on the aerodynamic characteristics of the following blades, 1 " 3 but in addition, the blade-vortex interaction has been identified as the primary mechanism involved in the acoustic phenomenon known as "blade slap." 4 " 6 In general, the rotor blade-vortex interaction is a highly three-dimensional, unsteady interaction of curved vortices with lifting surfaces at arbitrary interaction angles. The limiting cases for the interaction angles are represented by the parallel and perpendicular encounters, as shown in Fig. 1 (from Ref. 7) . The parallel interaction is essentially two-dimensional but highly unsteady, while the perpendicular interaction is a steady but highly three-dimensional flow. Under certain flight conditions, rotor blades operating at transonic relative tip Mach numbers produce impulsive noise at a frequency approximately corresponding to the blade passage frequency. The impulsive noise generated by the BVI phenomenon is known to be a result of the rapid load variations caused by a rotor blade passing close to or through a tip vortex generated by the same or one of the following blades. Moreover, at transonic Mach numbers, unsteady shock formation and pressure fluctuations play an important role in the generation of "bladeslap." The aeroacoustic implications of blade-vortex interactions are covered in papers by George, 8 George and Chang, 9 and more recently by Leverton. 10 The noise produced by interaction of vortices with lifting surfaces is not limited to the main rotor. In fact, it has been shown that the noise associated with the interaction between the main rotor vortex and the tail rotor can be subjectively annoying, and in certain operating conditions can dominate both the main rotor BVI noise as well as the engine noise.
11
The BVI problem has been the subject of extensive investigations during the past few years. Although the normal operating envelope for helicopter rotor blades is at transonic relative Mach numbers, most of the experimental research in this area has concentrated on the low speed interaction.
1 '
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The limited high speed data available deal exclusively with the unsteady parallel BVI phenomenon (e.g. Refs. 13, 14) ; because this encounter, due to its unsteady nature, is believed to be the main source for the noise. Among the relevant investigations of the perpendicular interaction are those due to Schlinker and Amiet, 15 who conducted three-dimensional interaction experiments using hot wire measurements in the vortex core to determine the acoustic signature. They concluded that ingestion of the vortex by the rotor generates harmonic noise and impulsive wave forms. Ham 12 conducted detailed aerodynamic investigations of the perpendicular vortex-airfoil interaction and measured lift coefficient variations of 0.2 to 0.3. He also observed the occurrence of flow separation induced by intensive vortex loading. Phillipe and Armand 16 observed a 40% increase in drag and a loss of lift for a NACA 0012 airfoil at M = 0.6. Low-speed experimental studies of Seath and Wilson 1 also indicated a significant change in the pressure distribution of the interacting airfoil, as well as a spanwise drift to the vortex resulting from the perpendicular vortex-airfoil interaction.
A simple dimensional analysis of the perpendicular bladevortex interaction problem indicates that the governing simulation parameters are the rotor Mach number, Reynolds number, and angle of attack; a vortex interaction parameter defined by YIV^c, where F is the vortex circulation, V x the rotor relative velocity, and c the rotor chord; and the pertinent geometric parameters describing the position of the vortex core with respect to the trailing rotor blade. The specific objectives of the research program reported in this paper were to develop experimental procedures and techniques for simulation of the perpendicular helicopter rotor blade-vortex interaction (BVI) in a Ludwieg-tube wind tunnel at Mach numbers and Reynolds numbers representative of operational advancing rotor blade flight conditions, and to quantify the effects of vortex strength and height on both the structure of the vortex as it passes over the rotor and the aerodynamic characteristics of the rotor blade. Similar results from lowspeed wind tunnel tests were reported in Ref. 1.
Experimental Setup
The UTA high Reynolds number transonic wind tunnel (Fig. 2) per meter (20 million per in.). The tunnel has an 18.6 x 23.3 cm (7.34 x 9.16 in.) rectangular, porous-wall test section. The variable porosity is provided for all four walls and was set to a predetermined value of 7% for the tests reported in this paper.
Facility operation and control, data acquisition, and data processing were accomplished by a custom-designed microcomputer-based data acquisition system. A schematic of the system is shown in Fig. 3 . The data acquisition/control computer (DAC) controls the operation of the tunnel, collects data from a 24-channel high-frequency pressure transducer system, digitizes the data and stores it in memory during a test run. The stored data are then transferred to the host computer for permanent storage on disk and subsequent data reduction and analysis after completion of the test run.
The test geometry for the experimental simulation of the perpendicular blade-vortex interaction is shown in Fig. 4 . An instrumented NACA 0012 airfoil, spanning the entire height of the test section, was mounted 43.18 cm (17 in.) downstream of the test section entrance. The downstream airfoil was equipped with 12 static pressure ports on the upper surface. The chordwise location of the orifices are tabulated in Table  1 . The pressure tubes were 1.14 mm (0.045 in.) i.d. with six 0.51 mm (0.02 in.) diameter feeder holes each, which results in averaging the chordwise pressure distribution along a 2.54 (1 in.) span of the airfoil at the midspan position. The airfoil had a 5.08 cm (2 in.) chord and was set 1.93 cm (0.75 in.) off centerline, with the uninstrumented surface closer to the test section wall. The model blockage was approximately 3.2%.
For the interaction studies, the vortex was generated by horizontally mounted semispan wing sections, having a 5.08 cm (2 in.) chord and located at the entrance to the test section, which was approximately nine chord lengths upstream of the test airfoil. The distance from the vortex core to the airfoil surface was varied by using three different vortex-generators with semispans of 12.95 cm, 13.46 cm, and 13.97 cm (5.1 in., 5.3 in., and 5.5 in. measured at the airfoil leading edge of 30%, 20%, and 10% chord above the airfoil. The vortex strength was varied by pitching the vortex generator to different angles of attack. The aerodynamic characteristics of the vortex generators were determined by mounting the generators to a five-component strain-gage balance that could be inserted through an optical port in the test section side wall.
The location and detailed qualitative structure of the tip vortices were determined by means of a pitot pressure rake and a five-hole cone probe. The pitot pressure rake contained 13 pressure probes with 0.32 cm (0.125 in.) spacing. The fivehold cone probe had a total pressure orifice at the nose and four equally spaced ports on the cone surface. This probe was used primarily to verify the data obtained using the pitot pressure rake and to obtain information concerning the vortex viscous core size and symmetry.
Uncertainty Analysis
The results of a conventional uncertainty analysis were reported in detail in Ref. 18 . For the range of data reported in this paper, the typical values of the uncertainty in the principal test variables are: 
Wind Tunnel Calibration
Standard wind tunnel calibration tests were conducted at Mach numbers ranging from 0.68 to 0.90 and Reynolds numbers from 3.8 to 5.5 million. The results of the calibration tests and flow quality and uniformity studies for the Ludwiegtube tunnel may be found in Ref. 18 . In general, the flow quality is quite good, with the axial Mach number variation less than ±0.5% for the range of Mach numbers tested. Furthermore, the background noise level (as indicated by rms surface pressure fluctuation measurements) is less than 1.0%.
Airfoil Calibration
The airfoil calibration tests for a range of Mach and Reynolds numbers were conducted prior to the initiation of the blade-vortex interaction tests. The major objectives of this phase of the program were the production of baseline airfoil pressure distribution data for the subsequent interaction studies, and the determination of the accuracy and repeatability of the test data. pressure distribution for a range of Mach and Reynolds numbers may also be found in Ref. 18 .
Vortex Generator Aerodynamic Characteristics
An important dimensionless parameter characterizing the BVI is the vortex interaction parameter F/V^c, where F is the vortex circulation, and is defined by
In general, the circulation F is a difficult and time-consuming parameter to measure experimentally. For this reason, the lift coefficient of the vortex generator is often used as an alternate parameter to characterize the vortex. Note that from classical low-speed aerodynamic theory, 21 the lift of a finite wing with an elliptic spanwise circulation distribution is given by L = Thus, the lift coefficient for the elliptic distribution
is seen to be directly proportional to the maximum, or midspan, circulation F 0 . Of course, Eq. (3) is not expected to be quantitatively correct for the rectangular planform used in the current test program, however, the functional form indicated by Eq. (3) should remain valid, that is:
Thus, as a data correlation parameter, C L should be just as valid as YIV^c. Therefore, a test program was conducted to measure the aerodynamic characteristics of the vortex generator wings (C L and C D vs a), and typical results are shown in Fig. 7 .
Vortex Survey
The vortex core geometric position, i.e. the location of the vortex core above the airfoil z v and along the span v v , was measured by a pitot pressure rake located approximately nine chord lengths downstream of the vortex generator, with the probes spanning a segment of the flow in the z direction (Fig.  4) . Two-dimensional mapping of the vortex was then accomplished by positioning the rake at different spanwise positions for subsequent wind tunnel firings. Typical results from the pitot pressure rake survey of the vortex structure are shown in Fig. 8 . Figure 8a shows a horizontal pressure survey through the core of the vortex at different times during the steadystate part of the test run. Two points are immediately obvious. First, the vortex seems to have a well-defined core, with the pressure deficits in the core region on the order of 20% to 25% of the test-section stagnation pressure. Second, the results of the rake survey indicate a substantial amount of unsteadiness near the vortex center. Selected pressure vs time traces are shown in Fig. 8b for various probe locations. These traces (obtained by scanning the pressure transducer output at 1 ms time intervals) show considerable pressure fluctuations near the center of the vortex (defined to be the minimum total pressure location); however, these fluctuations tend to damp out at distances further away from the vortex center. The fluctuations in pressure are thought to be a result of oscillation of the vortex core about a mean position. Timemean averaging of the pressure traces (after completion of the tunnel starting transient) gives a steady mean value, and these data have been used to generate the constant pressure contour map of Fig. 9 . The projection of the vortex generator quarter-chord line is shown as the dashed line in Fig. 9 . The vortex in-board roll-up as well as the influence of the upwash field (the vortex generator was set to a negative angle of incidence) is clearly evident.
In order to obtain information concerning the vortex symmetry and its viscous core size (die), five-hole cone probe surveys through the vortex core were also conducted. Figure  10 is produced by differencing the pressures of the two opposing ports on the surface of the cone probe. A fairly symmetric vortex structure with a well-defined core can be seen in this figure. The nondimensional viscous core diameter is approximately 0.25 (die = 0.25).
Blade-Vortex Interaction
The blade-vortex interaction measurements were primarily in the form of pressure distribution changes on the upper surface of the test (downstream) airfoil. The generated vortex always passed over the instrumented surface of the down- In order to determine the effect of the vortex height above the airfoil, tests were conducted using three vortex generator semispans that yield vortex heights of 10%, 20%, and 30% of the airfoil chord, as measured at the airfoil leading edge. These results are shown in Fig. 12 , where a progressive increase in the magnitude of the pressure coefficient near the leading edge is observed as the vortex height above the upper surface of the airfoil is reduced. Also evidence of local flow separation near the x/c = 0.70 position is observed for the closer encounters.
The change in pressure coefficient near the leading edge is plotted vs lift coefficient of the vortex generator for vortex heights of 0.1, 0.2, and 0.3 in Fig. 13 for a Mach number of 0.76. Note from our earlier discussion, this plot in effect shows the influence of vortex interaction parameter and hlc on the maximum change in C p . The effect is quite pronounced, with the maximum AC p of 0.48 occurring for the combination of the strongest vortex, C L = 0.432, and the closest encounter, hlc = 0.1. Note that although the method used to vary vortex height does cause a slight change in aspect ratio of the vortex generator (-7%), the effect of this variation on C L was analyzed and found to be negligible. , a VG = -8deg. The aforementioned results discussed for typical vortex strengths and heights above the airfoil are qualitatively similar for all Mach and Reynolds numbers tested throughout this study.
The variation of Reynolds number, as shown in Fig. 14, does not seem to have a significant effect on the pressure distribution of the downstream airfoil, for the range of Reynolds numbers (3.8-5.5 million) tested during this program.
Structure of the Vortex
The structure of the vortex after interacting with the airfoil was qualitatively examined by conducting total pressure rake surveys at both the leading and the trailing edges of the downstream airfoil. Figure 15 shows the results of typical rake surveys through the vortex center at both the leading and trailing edges for a vortex core height (hlc) of 0.20. The unsteady nature of the flow in the vicinity of the vortex center, similar to that observed in Fig. 8 for the free vortex, is clearly evident in Fig. 15 also.
Time-mean average pitot pressure contour maps of the vortex at the airfoil leading and trailing edges are shown in Fig.  16 for hlc -0.30. Similar contour maps for vortex heights of 20% and 10% at the airfoil leading and trailing edges are shown in Figs. 17 and 18 , respectively. For the case of the closest encounter (hlc = 0.10) the interaction between the vortex core and the airfoil wake is quite strong (Fig. 18b) , but due to the narrow size of the airfoil wake, the vortex is is reduced. This effect is illustrated in Fig. 19 , which presents the measured spanwise drift of the vortex core as a function of the vortex height at the leading edge. Similar results were presented in Ref. 1 for low-speed tunnel simulation of the blade-vortex interaction; however, the magnitude of the drift for the low-speed cases is considerably smaller. The contour maps also indicate the appearance of two distinct minimum pressure regions separated by some distance for the intermediate vortex height. The presence of these low pressure regions suggests the possibility of formation of a secondary vortex caused either by the breakup of the primary vortex into two vortices or by formation of secondary vortex caused by the separation of the flow as a result of vortex airfoil interaction (i.e. separation vortex). The secondary vortex, observed for a vortex height of 0.20, is not seen for the closest encounter (hlc = 0.10). The exact reason for this is not known at this time. Due to the strong interaction of the vortex with the wake of the downstream airfoil, the secondary vortex might be absorbed within the low pressure region in the wake of the downstream airfoil, and not detectable by the rake pressure measurement alone. Further tests utilizing flow visualization techniques are needed in order to verify such conclusions.
Concluding Remarks
The experimental data obtained from the transonic bladevortex interaction tests indicate that: 1) the trailing vortex in transonic flows contains a high degree of unsteadiness, particularly near the vortex center; 2) interaction of the vortex with the downstream airfoil substantially alters the pressure distribution of the airfoil. This effect is found to be a function of vortex strength and geometric position of the vortex relative to the downstream airfoil, but is relatively insensitive to the Reynolds number; and 3) the downstream airfoil causes a Spanwise drift of the vortex core and the amount of drift tends to increase for cases where the vortex is closer to the airfoil surface.
